INTRODUCTION
Composites are now the most frequently used materials in dental restorations because of their desirable esthetics and adhesion to dental tissue, enabling minimally invasive preparation 1) . However, these resin-based materials undergo volumetric polymerization shrinkage that leads to gap formation 2, 3) . Caries beneath composite restorations occur due to gaps resulting from failure or degradation of the adhesive interface and increased levels of cariogenic bacteria 4) . Detection and assessment of a dental carious lesion beneath an existing restoration with marginal gaps or defects is important when making a clinical decision concerning replacement of the restoration. Although radiography is the most common method used to detect caries, it lacks the sensitivity to detect early lesions and considerably underestimates the size of a lesion [5] [6] [7] [8] . The accuracy of radiographic detection of recurrent caries varies greatly between studies. Nearly half of lesions could not be detected if only radiographic detection was used 9) . Detection of caries beneath a restoration remains diagnostically challenging, and thus, an imaging technology that can reliably detect the caries is highly desirable.
Optical coherence tomography (OCT) is an emerging diagnostic method for cross-sectional imaging of internal biological structures [10] [11] [12] . OCT has been revolutionized in recent years by development of Fourier-domain (FD) techniques that markedly increase sensitivity when compared with traditional OCT 13) . Swept-source OCT (SS-OCT) is a further development of the FD-OCT technique that can record three-dimensional (3D) datasets for internal structures noninvasively by ultrahigh-speed scanning of the time-encoded wavelength of a near-infrared laser 14) . Hand-held OCT imaging probes have enabled intra-oral clinical imaging 7) . The improved imaging speed and resolution of SS-OCT makes this technology suitable for detecting dental caries with high sensitivity and specificity 10) . The aims of this study were to evaluate the diagnostic accuracy of SS-OCT for detection of dentin caries beneath composite restorations and to compare the results with those of digital dental radiography. The null hypotheses tested were that SS-OCT cannot detect caries beneath a composite restoration and that the diagnostic accuracy of SS-OCT for detecting dental caries beneath restorations is inferior to that of routine digital dental radiography.
MATERIALS AND METHODS

Samples
Forty extracted human molars were included in the study. Twenty of these molars were intact and 20 had dentin caries meeting the International Caries Detection and Assessment System II code 5 criteria, i.e., a distinct Three-dimensional diagnosis of dentin caries beneath composite restorations using swept-source optical coherence tomography cavity with visual evidence of demineralization and exposed dentin 15, 16) . Informed consent was obtained from all patients for extraction of the teeth as part of an overall treatment plan. Use of the teeth was approved by the Institutional Review Board of Tokyo Medical and Dental University (approval number 725).
The surfaces of each tooth were trimmed to reach a flat dentin surface with and without caries using 600 grit silicon carbide paper (Fig. 1) . A two-step selfetching adhesive system (Clearfil SE Bond, Kuraray Noritake Dental, Tokyo, Japan) was then applied to the surfaces according to the manufacturer's instructions. The specimens with and without dentin caries were subdivided into two groups, and a bulk fill composite (Estelite Σ Quick, shade A1, Tokuyama Dental, Tokyo, Japan) was applied on the treated surface at a thickness of 1 or 2 mm (n=10 each). The thickness of the resin was adjusted using a custom-made glass jig with a 1-or 2-mm deep window placed over the dentin surface into which the resin paste was inserted and irradiated at 600 mW/cm 2 for 40 s using a quartz-tungsten-halogen unit (Optilux 501, Kerr, Danbury, CA, USA). A clear cellophane sheet was used to cover the composite, which was held gently during photocuring. In this manner, a total of 20 specimens bonded with 1-or 2-mm thick composite on 10 carious and 10 intact surfaces were prepared for use in the study. During the experiment, the bonded samples were kept in phosphate buffer solution (Milli Q, Merck Millipore, Billerica, MA, USA) and stored at 4°C in a refrigerator to prevent bacterial contamination.
Digital dental radiograph system
Digital dental radiographs of dentin with and without caries were captured with the radiograph tube placed over the buccal side of the tooth specimen with a 10-cm focus-film distance and an approximately 0-cm objectfilm distance (resembling bitewing radiographs) using a digital dental radiograph device (Dentnavi Hands, Yoshida Dental, Tokyo, Japan) operated at 70 kV and 4 mA with an exposure time of 0.10 s.
SS-OCT system
After taking the digital dental radiographs, SS-OCT images of the composite restorations were taken. The SS-OCT system (Yoshida Dental) used in this experiment employed a frequency domain technique that measured the magnitude and time delay of reflected light to construct a depth profile. The wavelength ranged from 1,240 to 1,380 nm, with a central wavelength of 1,310 nm and a sweep rate of 50 kHz 17) . A 3D SS-OCT scanning profile was obtained at an optical resolution in air of under 11 µm in depth and 40 µm laterally and axially. The high-speed frequency-swept laser was projected over the composite and the specimen was scanned in 3D using a hand-held probe. Backscattered light from the object was coupled back to the system, digitized over a time scale, and analyzed in the FD to provide information on the depth of the sample, thereby yielding 3D images.
Evaluation of dental caries by SS-OCT and digital dental radiography Two-dimensional cross-sectional images of dentin with and without caries were chosen from the 3D constructions by one investigator (CM) who did not participate in evaluation of the images subsequently (Fig. 2) . In order to set the reliability of our experiment at 95% with an error of approximately 5%, 17 dentists were recruited (TH, KN, YS, MS, YN, WI, and YN, with 5-10 years of clinical experience; GI, KH, TT, and RT, with 11-20 years of clinical experience; and JT, MO, TN, MN, YS, and YK, with over 21 years of clinical experience). All dentists evaluated the images obtained using the digital dental radiograph system and the SS-OCT system to determine if caries existed beneath the composite restorations. In order to standardize the diagnosis of caries, one examiner (CM) discussed interpretation of OCT images with the 17 dentists in a 30-min session prior to showing them the SS-OCT images of the composite bonded to dentin. The presence of dental caries is determined on SS-OCT images by the enhanced signal intensity caused by increased light scattering from the demineralization of dentin beneath the composite 18) . After this discussion, the operators practiced examination and diagnosis using several images of bonded specimens that were not Composite resin is displayed as white, and the dentin beneath the restoration appears dark and is clearly discriminated from the restoration. The presence of dentin caries beneath the restoration is displayed as a bright zone (arrow). (d) A grayscale 2D SS-OCT image of a resin-dentin interface without caries, chosen from the 3D dataset (for a 1-mm thick composite). The border between the composite and dentin can be clearly distinguished because of the difference in optical properties and refractive index. No evidence of caries exists within the underlining dentin. (e) A gray-scale 2D SS-OCT image of a resin-dentin interface with caries chosen from the 3D dataset (for a 2-mm thick composite). Although the backscattered signal level for the caries was reduced by attenuation of the signal through the restoration, imaging of the dentin caries was at a signal level that was sufficiently above the background noise level (arrow). (f) A gray-scale 2D SS-OCT image of a resin-dentin interface without caries chosen from the 3D dataset (for a 2-mm thick composite). Although the border between the composite and dentin is not clear because of the signal attenuation, no increase in brightness is detected in the dentin. 2D, twodimensional; 3D, three dimensional; D, dentin; R, composite; SS-OCT, spectral-domain optical coherence tomography.
included in the study. The digital dental radiographic and SS-OCT images were displayed separately on a 32-inch LCD monitor for evaluation. The display settings, such as brightness and contrast, were the same for all images and examiners. Each investigation site was examined by all 17 investigators, who were blinded to specimen allocation and the conclusions of the other investigators.
The same SS-OCT and digital dental radiographic images were re-evaluated a year later by nine of the same dentists (TH, GI, TT, RT JT, MO, TN, MN, and YS). Eight dentists (KN, YS, MS, YN, WI, YN, KH, and YK) could not participate in the second session because of transfer to other dental hospitals.
Statistical analysis
The statistical analysis was performed using SPSS for Windows version 23 software (IBM, Armonk, NY, USA). The sensitivity and specificity indices for detection of dental caries beneath composite restorations using digital dental radiography and SS-OCT, as well as the false positive and negative predictive values, were calculated for each examiner by cross-tabulation. These sensitivity and specificity values were then used to perform a receiver-operating characteristic (ROC) analysis, and the area under the ROC curve (Az value) was calculated. The results were analyzed using the Mann-Whitney U test followed by the Kruskal-Wallis test (α=0.05). The agreement between SS-OCT and digital dental radiography with regard to interexaminer and intraexaminer reproducibility was evaluated using unweighted kappa coefficients. Again, the results were analyzed using the Mann-Whitney U test followed by the Kruskal-Wallis test (α=0.05).
RESULTS
The composite material scattered the OCT signal and appeared white on the SS-OCT images. In contrast, dentin beneath the restorations appeared dark and was clearly discriminated from the restoration even at a thickness of 2 mm (Fig. 2c-f) . Dentin with caries appeared as a bright zone beneath the restorations and was clearly distinguished from intact dentin (Fig. 2c, e) .
The sensitivity, specificity, false positive values, negative predictive values, and Az values identified using the ROC curves for detection of dentin caries beneath 1-and 2-mm thick composite restorations are shown in Table 1 . The respective sensitivity values for digital dental radiography were 0.72 and 0.75 for 1-and 2-mm thick composite restorations; SS-OCT demonstrated significantly higher sensitivity values of 0.91 and 0.82, respectively, when compared with digital dental radiography (p<0.05).
For detecting dentin caries beneath 1-and 2-mm thick composite restorations, SS-OCT demonstrated superior specificity values of 0.97 and 0.99, respectively, whereas digital dental radiography demonstrated specificity values of 0.71 and 0.77, respectively (p<0.05).
False positive values using SS-OCT were significantly lower than those using digital dental radiography (p<0.05).
The superior sensitivity and specificity of SS-OCT was reflected in the resulting Az values. The Az values for SS-OCT were significantly higher than those for digital dental radiography. However, the SS-OCT values for detection of caries beneath composite restorations were lower for the 2-mm thick composite group than for the 1-mm thick composite group (p<0.05). The reproducibility and repeatability values for SS-OCT and digital dental radiography are shown in Table  2 . Agreement values were significantly higher for SS-OCT than for digital dental radiography.
DISCUSSION
In this study, the diagnostic accuracy of SS-OCT for detection of dentin caries beneath composite restorations was evaluated and compared with that of digital dental radiography. Although residual caries beneath a restoration does not progress when margins are sealed, perfect marginal integrity is difficult to achieve using current composite materials and difficult to assess using the conventional diagnostic method. In the present study, 3D SS-OCT could reveal dentin caries beneath a composite restoration as a bright zone with higher scattering in a non-invasive manner (Fig. 2) . Meanwhile, several lines of evidence suggest that SS-OCT is better able to detect the marginal gap around adhesive restorations [19] [20] [21] [22] , and thus, it can be used to discriminate between residual caries beneath a restoration with a perfect seal and so-called "recurrent caries" that needs retreatment.
It is well known that light is reflected between two homogeneous medium with different refractive indices 23) . Since the refractive index of dentin is slightly influenced by the direction of the dentinal tubules 24) , we chose the dentin from the extracted molars with tubules running roughly perpendicular to the bonded surfaces. It is highly probable that microscopic interfaces between demineralized mineral crystals and water within pores cause higher reflectivity, thus resulting in increased brightness on OCT images 23) . When the SS-OCT probe is placed over the composite restoration, images of the dentin caries can be reconstructed at sufficient signal levels through the composite 7) . Although the imaging depth of SS-OCT is limited to 2-3 mm within a structure 18) , high translucency of the resin composite allows the OCT scanning light to penetrate and detect dentin caries as a bright zone. Since the optical characteristics of composite and dentin differ depending on their composition and structure, they can be distinguished from each other 7) . In this study, dentin caries beneath both the 1-and 2-mm thick composite restorations was detected using SS-OCT (Fig. 2) .
The sensitivity of SS-OCT for detecting dentin caries beneath the 1-mm thick composite restoration was 0.91, but decreased significantly to 0.82 for detecting dentin caries beneath the 2-mm thick composite restoration (Table 1 ). This decrease in sensitivity for the 2-mm thick restoration can be explained by attenuation of the signal through the restoration (Fig. 2e) . However, both values were significantly higher than those recorded for digital dental radiography (0.72 and 0.75 for a 1-and 2-mm thick restoration, respectively). In general, the imaging depth of OCT systems has been reported to be in the range of 2-3 mm, depending on the optical attenuation parameters within the structure being imaged 18) . The light translucency of composite resin is determined by many factors, including the composition of the resin matrix, composition and content of the filler, and pigment and other additives, and decreases exponentially with an increase in thickness of the composite [25] [26] [27] . Consequently, although the ability of SS-OCT to detect dentin caries beneath a 2-mm thick composite restoration was excellent in our study, detection rates would decrease for restorations more than 2-mm thick because of increased attenuation of the signal as it passes through the composite. Development of highly translucency composite for OCT scanning light may facilitate a solution for the detection of caries under the deep restoration. Further research is required to assess the influence of factors determining the translucency of composites.
The benefit of radiographic information when diagnosing caries is unquestionable in modern dentistry. However, there is evidence showing that expertise of radiographic interpretation differs between clinicians with respect to detection of lesions 28) . Moreover, accurate detection of caries on imaging is influenced by several factors, including the initial size of the lesion and its geometry and orientation 28) . In addition, the overlap of buccal enamel or surrounding tissues may interfere with the results obtained by digital dental radiography and lower its sensitivity for detecting caries.
Reports of the sensitivity of digital dental radiography for detection of caries adjacent to restorations range from 0.49 to 0.57 and those for specificity are between 0.79 and 0.86 9) . In our study, the sensitivity of radiography was 0.72 for 1-mm thick restorations and 0.75 for 2-mm thick restorations, and both these values are higher than the values reported in previous studies. In contrast, the specificity of Fig. 3 Digital dental radiographic images of a resindentin interface with dental caries.
(a) A 1-mm thick composite with caries. The dental caries appears as a dark zone beneath the composite resin (arrow). The composite restoration is imaged as white because of the radiopacity. (b) A 1-mm thick composite without caries. Despite the absence of caries beneath the composite restoration, the intact dentin beneath the composite appears dark (arrow). The contrast between the light and dark areas makes the dark border line area appear darker. (c) A 2-mm thick composite with caries. The dental caries is captured beneath the composite resin (arrow). (d) A 2-mm thick composite without caries. In this image, there is no evidence of caries beneath the composite resin. R, resin, D, dentin radiography in our study was 0.71 for 1-mm thick restorations and 0.77 for 2-mm thick restorations, and these values are slightly lower than those previously reported. However, in our study, we used newer digital dental radiographic equipment with imaging resolution higher than 20 line pairs/mm or a pixel size of 25×25 µm. The specificity of radiography could be influenced by study design and the direction of the radiographic images, but in the present study, the caries was beneath a composite restoration and not adjacent to it. The specificity of digital dental radiography was lower than that of SS-OCT for both 1-and 2-mm thick restorations ( Table 1 ). The specificity for detecting dentin caries was over 0.97 for SS-OCT. On digital dental radiographic imaging, caries with mineral loss or defects appeared as dark zones because fewer X-rays were absorbed when passing through and thus fewer reached the detector (or image receptor) (Fig. 3a-c) . However, on digital dental radiographic imaging, some of the samples without caries had a dark zone beneath the composite restoration that was misinterpreted as caries (Fig. 3b) . The false-positive values for digital dental radiography when detecting dentin caries beneath 1-and 2-mm thick composite restorations were 0.29 and 0.23, respectively (Table 1) . Observers are likely to make false-positive errors because of the Mach band effect, which is a visual illusion of enhanced contrast between a light area and a dark area, making the border line area appear darker 29) . This phenomenon is commonly explained as lateral inhibition of neural receptors by adjacent receptors on the retina. The potential for misdiagnosis because of this illusion is well recognized in dental radiology. The background density of the image attributes this illusion to the lateral inhibition of retinal cells that accounts for the Mach band effect 30) . This high false positive rate may lead to unnecessary retreatment causing loss of the intact tooth structure 31) . Although the perception varies both among and within observers, 13 of 17 examiners in the present study misinterpreted at least one intact sample as a sample with caries on a digital dental radiograph image. Since the Mach band effect disappears when the light area is masked 29) , caution is required when detecting caries beneath restorations using digital dental radiography.
In contrast, SS-OCT showed a significantly lower false-positive value beneath the composite restorations ( Table 1) . Some of the SS-OCT images for teeth with no caries had a bright border or spot at the interface, which could be mistaken for caries. When there is a gap between two types of medium with different refractive indices, reflections of light at the interface are dissimilar 19) . In SS-OCT, reflections at the gaps were detected even when the gaps were as small as half a micrometer in depth, which is well below the depth dimension of each image pixel (11 µm) 19, 32) . A previous study has also demonstrated that the integrity of the enamel-composite interface could be quantified in vivo using SS-OCT 33) . Consequently, gaps at the resin-dentin interface reflect SS-OCT signals and may lead to misdiagnosis of intact structures as caries.
In dental radiography, the presence of a thick adhesive layer at the bottom of the cavity frequently obscures the diagnosis of caries in adhesive restorations because of its radiolucency. In SS-OCT, since the refractive index of the bonding layer or adhesive lining is almost the same as that of composite resin, the image at the interface is homogeneously bright without any enhancement of the backscattered signal. Thus, the presence of a thick adhesive layer should not lead to misdiagnosis of recurrent caries on SS-OCT. In this study, we found poor and moderete intra-examiner agreement and inter-examiner agreement for digital dental radiography. It is probably because of the false positive errors due to the Mach band effect or thick adhesive layer. Previous study reported that agreement of cone-beam computed tomography (CBCT) for detection of recurrent caries was poor and moderate in both intra-and inter-examiners 34) . While CBCT is recognized to show superior sensitivity and reproducibility for caries diagnosis, our study results for the agreement of digital dental radiography appears in agreement with previous study 35) . However, in clinical situations, gaps may frequently form on the cavity floor and potentially lead to problems, such as dental caries or hypersensitivity. Further study is required to investigate the effect of interfacial gaps or other scatters on the ability to diagnose underlying caries. In view of the potential limitations of single twodimensional cross-sectional images, 3D imaging appears to be valuable for accurate diagnosis and reducing artifacts when interpreting SS-OCT images (Fig. 4) . In this case, not only the best cross-section can be selected from the available volume data set, but advanced image reconstruction methods, such as multislice or multiplanar viewing, can also be used to better visualize the SS-OCT image features. These methods include computed tomography (CT) and magnetic resonance imaging (MRI), which are well established clinical imaging modalities in medicine but are quite new in the field of dentistry. Microelectromechanical systems (MEMS)-based imaging probes along with faster laser sources and volume data processing are promising developments that should allow 3D OCT to be adopted as a clinical modality in dentistry. Further, cross-sectional two-dimensional images from 3D scans can provide a detailed assessment for caries beneath the restoration upon adjustment of the contrast and brightness to generate an optimal image.
Based on the results of this in vitro study, the null hypotheses were rejected. SS-OCT could detect caries beneath composite restorations with a diagnostic accuracy superior to that of digital dental radiography. Meanwhile, the imaging depth of SS-OCT was recognized as a limitation with regard to detection of caries beneath deep restorations. In this in vitro study, composite restorations had been placed over caries present on the dentin surface.
In routine clinical practice, we often encounter recurrent caries surrounded by dentin and enamel of varying depth. Moreover, the location of recurrent caries (proximal/nonproximal) can influence the SS-OCT images acquired, although our previous study demonstrated that SS-OCT was superior to radiography for detection of primary caries under posterior proximal contact in vivo 7) . This is because the weak scattering and absorption of enamel in the near-infrared wavelength region can allow the backscattered signal from the lesion to pass through the overlying enamel to construct a SS-OCT image. Further research on application of SS-OCT for detection of recurrent caries is needed.
One of the main advantages of OCT imaging over dental radiography is the capacity to decrease the radiation dose from visual diagnostic approaches in dentistry. From this standpoint, SS-OCT is clearly a safer diagnostic modality in pregnant women and young children 10) . Within the limitations of this in vitro study, it is suggested that SS-OCT has the potential to detect dentin caries beneath composite restorations and be a safer alternative to digital dental radiography. Because the imaging depth of SS-OCT is limited, further development appears to be necessary for this technology to be able to produce accurate results in the examination of deep restorations.
